Abstract. The coupling interaction between multiple grid-connected inverters, inverters and grid in the clustered grid-connected distributed photovoltaic (PV) system can cause series and parallel harmonic resonance in the grid. The power quality of grid is seriously affected. Therefore, the resonance problem of the clustered grid-connected distributed PV is urgent to be studied. Aiming at this problem, a resonance analysis model of clustered grid-connected distributed PV system is established in this paper. Besides, the resonance problem of clustered grid-connected distributed PV system during its operation is analyzed. Moreover, a fast resonance detection method based on Wavelet Decomposition is proposed. Finally, simulations verify the effectiveness of the proposed method for the resonance problem of the clustered grid-connected distributed PV system.
Introduction
In recent years, the global energy crisis and environmental problems have become increasingly serious. Renewable energy such as photovoltaic (PV) is getting more and more attention. PV grid-connected system is becoming more widely used with the continuous reduction of the cost of PV cells [1] . In distribution network, the types of distributed generations and nonlinear wavy loads are complex. Particularly, the output power of wind turbines and PV cells is fluctuant, random, and intermittent, which often leads to the power unbalance between source and load in the distribution network. In addition, a large number of harmonics and inter harmonics are generated because of extensive application of a large amount of electric power electronic equipments. As mentioned above, resonance and other power quality problems are becoming more complex and prominent in the distribution network [2, 3] . Therefore, the research of resonance in the clustered grid-connected distributed PV system has important theoretical value and urgent practical significance.
Distributed PV sources are connected to distribution network via inverters, which may cause multiple power quality problems in the grid, such as voltage and current harmonics, voltage sag, voltage swell, voltage interruption, voltage fluctuation and flicker, voltage and current imbalanced component and resonance. A large number of distributed PVs are connected in the distribution network, so the harmonic and resonance of the distribution network must have various spectrums. At the same time, the voltage fluctuation and flicker signal in the network are random and dynamic non-stationary signals [4] . As for resonance disturbance detection of clustered grid-connected distributed PV system, it is needed to propose a detection method to analyze not only the harmonic and resonance signal, but also the nonlinear and non-stationary signals.
The closed-loop control of both voltage-source converter (VSC) and current-source converter (CSC) systems with LC filters is investigated in [5] , with a focus being put on the damping of LC resonance. Paper [6] designs a virtual harmonic resistance based active damping method to mitigate the resonances. And paper [7] presents that compared with traditional Fourier transform and short-time Fourier transform (STFT), the Wavelet Decomposition has the time-frequency local characteristic and it is adaptive. Therefore, the Wavelet Decomposition method is suitable for the resonance disturbance detection of clustered grid-connected distributed PV system.
In this paper, a simple introduction of the clustered grid-connected distributed PV system is presented. Application principle of Wavelet Decomposition in the clustered grid-connected distributed PV system is briefly introduced. Wavelet Decomposition algorithm is used to detect and analyze the resonant voltage and resonant current problem in the clustered grid-connected distributed PV system. Simulations are carried out in MATLAB/ SIMULINK.
Resonance Analysis of Clustered Grid-connected Distributed PV System
A. Structure of clustered grid-connected distributed PV system Fig.1 shows the grid-connected PV power generation system. Grid-connected distributed PV units or distributed generations n are connected to the point of common coupling (PCC) through the line i . And it is connected to the distribution network whose internal impedance is g Z [8] . The structure of clustered grid-connected distributed PV system is shown in Fig.2 , including the PV array, a DC-DC converter, an inverter, filter devices, and the equivalent grid. Ignoring the influence of the grid impedance and the external disturbance, the control block diagram of clustered grid-connected distributed PV inverter is shown in Fig. 3 . And g i is the inverter current, * i is the reference current, g u is the grid voltage.
The transfer function of the grid-connected current g i and reference current * i can be obtained by the Mason formula as follows: 
B. Analysis of inherent resonance frequency of LCL network
Among them, 1 Z and 2 Z constitute a typical series resonant circuit, and the 3 Z can be regarded as the parallel resonance circuit. The series and parallel impedance branch respectively exist in the series and parallel resonant points. And the resonance frequencies are respectively: Table 1 into the formula (5) and (6), inherent resonance frequency which equals 988.45Hz can be obtained. 
Application of Wavelet Decomposition in Clustered Grid-connected Distributed PV System

A. Wavelet analysis and its characteristics
Wavelet Decomposition is analysis method for signals of time-scale (time-frequency), and has characteristic of multi resolution analysis. And in time domain and frequency domain it can describe the local characteristic of signals. It is a time-frequency localization analysis method whose window size is fixed and shape can be changed. In the low frequency part, it has higher frequency resolution and lower time resolution, while it has higher time resolution and lower frequency resolution in the high frequency part. Therefore, it is very suitable for the detection of resonance signals [9] . This paper uses one-dimensional discrete wavelet transform. Selection of an appropriate wavelet function is very important. The more similar the wavelet waveform and signal waveform are, the better the decomposition effect can be obtained [10] . Because the db wavelet is sensitive to irregular signals and has the characteristics of compact support and orthogonality, the db4 wavelet is used to decompose the resonance signals in clustered grid-connected distributed PV system.
B. Principle of detecting resonance based on wavelet transform
In wavelet analysis process, the key is selecting wavelet function and determining the number of decomposition level. Resonance is random signal in the clustered grid-connected distributed PV system. And currently the db4 wavelet base function is more widely used in non-stationary vibration signal analysis. As for resonance signals in clustered grid-connected distributed PV system, this paper uses db4 wavelet function to decompose them, then decomposition levels need to be chosen based on the signal sampling frequency and the resonant frequency [11] .
If it is assumed that the resonant signal sampling frequency is 1 f and the inherent resonance frequency is 2 f , according to the theory of wavelet analysis and the sampling theorem, the band range of scale n low frequency coefficients is 1 / 2 0~2 n f when resonance signal is decomposed at a level of n in clustered grid-connected distributed PV system. In order to make the low frequency part of the wavelet decomposition not contain resonant noise components, scale n must satisfy [12] :
In this paper, sampling frequency of the actual resonant signals in clustered grid-connected distributed PV system is 10000Hz. And the effective frequency of the resonant signal is 988.45Hz. According to (7) , the reasonable wavelet decomposition number is 3.
Resonance Detection of Clustered Grid-connected Distributed PV System based on Wavelet Analysis Method
In order to verify the above analysis, simulation model of clustered grid-connected distributed PV system is built in MATLAB/SIMULINK. And program of the Wavelet Decomposition method for analyzing resonant signal is performed. Specific parameters are shown in Table 1 A. Resonant analysis of single grid-connected inverter A clustered grid-connected distributed PV demonstration project is taken as a simulation example, and the grid-connected resonant current 1 g I waveforms of a single inverter and the waveforms of db4 wavelet analysis are shown in Fig.5 . Among them the grid frequency 0 f = 50Hz, sampling frequency s f = 10000Hz, the length of sampling points is 2000 points. It is shown that cd3 energy is the most concentrated with the frequency band [625Hz, 1250Hz], and it is correspond to the inherent resonant frequency 987.5Hz. Therefore, the wavelet analysis method can accurately detect the single inverter grid-connected resonant current. 
B. Resonant analysis of two grid-connected inverters
Taking a demonstration project as an example, the grid-connected resonant current 2 g I waveforms of two inverters and the waveforms of db4 wavelet analysis are shown in Fig.6 . It is shown that cd3 energy is the most concentrated with the frequency band [625Hz, 1250Hz], and it is correspond to the inherent resonant frequency 988.89Hz. Therefore, the wavelet analysis method can accurately detect the two inverters grid-connected resonant current. Simulation results show that in the analysis of resonance signal of clustered grid-connected distributed PV system process, db4 wavelet is more appropriate. Decomposition level is determined by (7) , and ideal results are obtained. Namely, the simulation verifies that Wavelet Decomposition algorithm can accurately detect resonance signals in the clustered grid-connected distributed PV system.
Conclusion
In this paper, the resonance analysis model of clustered grid-connected distributed PV system is established with typical distributed PV clustered structure. The resonance problem of the PV clustered operation is analyzed. Wavelet Decomposition algorithm is used to detect and analyze the resonance problem of single grid-connected inverter and two grid-connected inverters in clustered grid-connected distributed PV system. Simulation results demonstrate that the wavelet analysis method can effectively detect the resonance problem in clustered grid-connected distributed PV system. The proposed method can effectively detect resonance signals disturbance of power system, provide good environment for grid-connected clustered distributed generations, and improve the reliability of power supply.
